Patients on haemodialysis (HD-patients) have an increased risk of premature death. Low levels of IgM antibodies against malondialdehyde (anti-MDA) are associated with increased risk of cardiovascular disease (CVD) with underlying potential mechanisms described. Here, we studied subclasses and isotypes of anti-MDA in 210 HD-patients with mortality as outcome (56% men, median age 66, Interquartile range (IQR) 51-74 years, vintage time 29 (15-58) months, mean follow up period of 41 (20-60)months). Patients were also divided into inflamed c-reactive protein (CRP >5.6 mg/mL) and non-inflamed. Antibody levels were measured by ELISA. In multivariate risk analysis, patients in low tertile of IgM anti-MDA sub-distribution hazard ratio (sHR 0.54); 95% confidence interval (CI: 0.34-0.89) inversely and significantly associated with all-cause mortality after five years, after adjusting for confounders. Low tertile of IgG (sHR 0.48, 95%CI: 0.25-0.90, p = 0.02) and IgG1 (sHR 0.50, CI: 0.24-1.04, p = 0.06) was associated low mortality among non-inflamed patients. In contrast, anti-MDA IgG2 among inflamed patients was significantly associated with increased mortality, IgG2(sHR 2.33, CI: 1.16-4.68, p = 0.01). IgM anti-MDA was a novel biomarker among HD-patients with low levels being associated with mortality, while low levels of IgG and IgG1 but not IgA anti-MDA were associated with mortality only among non-inflamed patients. IgG2 anti-MDA was a significant risk marker among inflamed patients, which could be related to infection.
Introduction
Patients with chronic kidney disease (CKD) have an increased mortality, which is related both to increased atherosclerosis, cardiovascular disease (CVD), and infections [1] . The increased risk of premature CVD in CKD is not only an important clinical problem that contributes to poor prognosis but may also shed light on atherosclerosis processes per se, especially inflammatory aspects of these conditions. Inflammation is a common feature of the uremic phenotype associated with protein-energy wasting (PEW), arteriosclerosis, and premature mortality [2] .
Malondialdehyde (MDA) is a danger-associated molecular pattern (DAMP) and exposed in both dying and dead cells and as an end product of lipid peroxidation, where oxidation of LDL (OxLDL) is of special interest in atherosclerosis and CVD [3] . Antibodies against OxLDL have been studied with conflicting results, where early studies report that antibodies against OxLDL are risk markers for CVD. We later demonstrated that anti-OxLDL antibodies can in fact have protective properties, which has been confirmed in subsequent studies [3, 4] . OxLDL is a complex compound difficult to standardize [3] . While antibodies against some components of OxLDL, like phosphorylcholine (anti-PC) are protective [3] , antibodies against other components (through cross-reactivity with thrombogenic anti-cardiolipin antibodies) could be detrimental [5] .
We therefore focus on MDA being a more defined antigen, where it is conjugated with human serum albumin (HSA). MDA is recognized by the immune system when exposed and humans have relatively large amounts of IgM antibodies to MDA. MDA avidly forms adducts with proteins, and we recently reported that IgM anti-MDA (conjugated with HSA as in the present study) is associated with protection in risk of CVD events among 60-year-old cohorts. Atherosclerosis and prevalence of echolucent are also potentially vulnerable atherosclerotic plaques in SLE [6, 7] . Little is known about anti-MDA in relation to the uremic phenotype. Here we report that IgM anti-MDA is a protection marker among HD-patients and investigate other subclasses with isotypes of anti-MDA and discuss the implications.
Materials and Method

Patient and Experimental Design
Data acquisition and analysis were performed in compliance with protocols approved by the Ethical Committee of the Karolinska Institutet (ethical approval number 03-415 and 2007/1663-31/4). Written informed consent was obtained from all participants prior to study). The present study was conducted in adherence to the Declaration of Helsinki.
We investigated biomarkers (i.e., IgM, IgG, IgG1, IgG2, and IgA anti-MDA) in 210 clinically stable patients with CKD 5D. Exclusion criteria were age <18 years, acute renal failure, signs of overt clinical infection, and unwillingness to participate. Informed consent was obtained from each individual.
HD patients (median age 66 years; 44% women) were recruited during 2003-2004 from six different dialysis units in the MIMICK1 study [8] . HD patients were treated by conventional maintenance HD or hemodiafiltration. The causes of CKD were chronic glomerulonephritis (n = 37), hypertension and reno-vascular disease (n = 37), diabetic nephropathy (n = 35), and others (n = 101). Each patient's medical chart was thoroughly reviewed by a nephrologist, and data was extracted on underlying kidney disease, presence of clinically overt CVD, and comorbid conditions, such as diabetes mellitus (DM). The causes of CKD were diabetic nephropathy, hypertension/renal vascular disease, chronic glomerulonephritis, and other (such as polycystic kidney disease), or unknown etiologies. We have measured the levels of IgM anti-MDA (n = 210), IgG anti-MDA (n = 208), IgG1 anti-MDA (n = 204), IgG1 anti-MDA (n = 203) and IgA (n = 210) due to sample availability. Inflammation was defined as hsCRP levels ≥5.6 mg/L. Mortality risk was analyzed up to 60 months, with a median of 29.6 months.
Collection of Clinical and Laboratory Data
Clinical data collected at baseline visits included demographics, co-morbid conditions, causes of kidney diseases, blood pressure, body mass index, and nutritional status evaluated by subjective global assessment (SGA) [9] . All blood samples were obtained in the morning after an overnight fast and kept frozen at −70 • C if not analyzed immediately.
Other Laboratory Analyses
Serum samples of creatinine, albumin (bromocresol purple), calcium, phosphate, intact parathyroid hormone (iPTH), ferritin, cholesterol, triglyceride (TG), hemoglobin, high-sensitivity CRP (hsCRP; by nephelometry assay; CV, 5%) were measured by routine methods at the Department of Laboratory Medicine, Karolinska University Hospital at Huddinge. Commercial ELISA kits were used to determine serum vascular cell adhesion protein-1 (VCAM-1) (R&D Systems, Minneapolis, MN). Plasma concentrations of IL-6 (CV, 4%), TNF, (CV, 2%-5 %) and insulin-like growth factor-1 (IGF-1, CV, 4.3%) were measured on an Immulite TM Automatic Analyzer (Siemens Healthcare; Diagnostics Products Ltd.) according to the manufacturer's instructions.
Body Composition
Presence of protein-energy wasting (PEW) was assessed according to the subjective global assessment (SGA) score. Patients were classified as well-nourished (SGA = 1) or as having mild (SGA = 2), moderate (SGA = 3) or severe (SGA = 4) signs of malnutrition [10] . For simplicity, the patients were placed in two groups; well-nourished (SGA = 1) and malnourished (SGA >1; defining patients with PEW) [11] .
Handgrip strength (HGS) was evaluated in the non-fistula arm using the Harpenden Dynamometer (Yamar, Jackson, St Albans City, MI, USA) and repeated three times, and the highest value was recorded and expressed in kilograms. HGS was expressed in percent of values in healthy individuals (HGS%) which was adjusted for sex differences when included in statistical analyses [12] . Body mass index (BMI) was calculated as weight in kilograms divided by height in meters squared.
Antibody Determination
Antibodies such as IgM, IgG, IgG1, IgG2, and IgA to MDA were determined by ELISA. The pooled serum from Sigma was used as a standard for each plate. The concentration of the antigen used in each well was 10 µg/mL. Nunc Immuno microwell plates (Thermo Labsystems, Franklin, MA, USA) were coated with MDA (conjugated with human serum albumin). MDA Coated plates were incubated overnight at 4 • C. After four washings with wash buffer, the plates were blocked with 2% BSA-PBS for 1 h at room temperature. We followed the same washing steps then serum samples were diluted for IgM, IgG, IgG1, IgG2, and IgA (1:200, 1:200, 1:100, 1:200, and 1:200, respectively) in 0.2% BSA-PBS and added at 100 µL/well. Plates were incubated at room temperature for 2 h and washed as described above. Biotin-conjugated goat antihuman IgM, mouse antihuman IgG, mouse antihuman IgG1, mouse antihuman IgG2, rabbit antihuman IgA (diluted 1:25,000, 1:80,000, 1:800, 1:25,000, 1:15,000 respectively in 1% BSA-PBS) was added at 100 µL/well and incubated at room temperature for 2 h. After four washings, the plate was incubated with horseradish peroxidase conjugated streptavidin (diluted 1:7000, 1:5000, 1:3000, 1:5000, and 1:5000, respectively in 0.2% BSA-PBS) (Thermo Scientific, Roskilde, Denmark) at 100 µL/well for 20 min. The color was developed by adding the horseradish peroxidase substrate, TMB (3,30,5,50-tetramethylbenzidine; Sigma Aldrich, St. Louis, MO, USA), at 100 µL/well and incubating the plates for (7 min, 7 min, 10 min, 10 min, and 10 min, respectively) at room temperature in a dark place. Further reaction was stopped with stop solution 1N H 2 SO 4 at 50 µL/well. Finally, plates were read on ELISA Multiscan Plus spectrophotometer (Spectra Max 250; Molecular Devices, CA) at 450 nm and 540 for IgM, IgG, IgG1, IgG2. For IgA it was with Biotek 800TS absorbance reader at 450 nm and 630 nm. All samples were measured in duplicate within a single assay and the coefficient of variation between the duplicates was below 15% for all antibodies.
Antibody Specificity Assay
Antibody specificity was tested by competition assay. The assay was performed according to the previous protocol (7) . In short, diluted sera was incubated with various concentrations of MDA-HSA (competitor). After vortex, the serum with or without MDA-HSA incubation were tested for detection of IgM, IgG, IgG1, IgG2, or IgA antibodies. Anti-MDA antibodies detection was inhibited above 70% in the sera with MDA-HSA (data not shown), demonstrates specificity of the MDA antibodies detection.
The inhibition was calculated as percentage using the following formula: % inhibition = (OD without competitor-OD with competitor)/OD without competitor × 100.
Statistical Analyses
Data were expressed as median with interquartile range (IQR) or percentiles, as appropriate. Statistical significance was set at the level of p <0.05. Comparisons between two groups were assessed with the non-parametric Wilcoxon test for continuous variables and Chi-square test for nominal variables. Survival during follow-up was analyzed by crude Kaplan Meier and a multivariate competing risk regression model and the cumulative incidence curve [13] . Fine and Gray [14] models were used and adjusted for age, sex, albumin, hsCRP, comorbidities (Davies score), subjective global nutritional assessment, and handgrip strength. The sub-hazard ratios (sHR) for all four antibodies against MDA were calculated with transplantation as a competing risk. All statistical analyses were performed using Stata 16.0 (Stata Corporation, Lake way Drive, College Station, TX, USA) and SAS version 9.4 (SAS Campus Drive, Cary, NC, USA).
Results
Patient Characteristics
The general characteristics of the study population, including survivors (n = 105) and non-survivors (n = 105) in the five year follow-up period. Non-survivors were significantly older, had higher prevalence of DM and CVD, and were more often malnourished with low handgrip strength, low albumin, high hsCRP, high fibrinogen, high IL-6, high TNF, high WBC count, low T3 and high Pro-BN (Table 1) . 
Correlation of Anti-MDA
Univariate associations between various anti-MDA and other parameters are given in Table 2 . IgM anti-MDA was significantly associated with age, smoking, albumin, WBC, and TNF. IgG2 anti-MDA was significantly associated with albumin, hsCRP, TNF and TSH. IgG1 anti-MDA were significantly associated with albumin, TNF, and pro-BNP. IgG anti-MDA was significantly associated with albumin, hsCRP, IL-6, TNF, and pro-BNP. IgA anti-MDA were significantly associated with albumin, IL-6, and Fibrinogen. It was performed as non-parametric test. IgM, IgG, IgG1, IgG2, and IgA anti-MDA median levels were compared to all causes of mortality with Kaplan-Meier survival estimates. We have divided the patients into two categories: Inflamed and non-inflamed according to the CRP level mentioned above. We also studied male and female patients in separate analyses. However, the median level for all antibodies was not associated with outcome (data not shown).
We decided to go further and study low levels, with the low tertile vs. middle + high tertiles of the mentioned antibodies.
We divided patients according to tertiles of IgM anti-MDA. We compared low tertile vs. two higher tertiles and found no significance differences in clinical, biochemical and medications (data in Table S1 ). When we compared all-cause mortality by competing risk analysis, we found that all patients with low tertile of IgM anti-MDA had worse outcomes (more profound in non-inflamed patients) ( Figure 1A,B ). There were no significant differences in the inflamed patients ( Figure 1C ). IgM anti-MDA was inversely and significantly associated with all-cause mortality. Patients were divided in three groups: (A) for all patients, (B) for non-inflamed patients, and (C) for inflamed patients. Antibody levels were divided into low vs. middle + high levels of IgM antibodies against malondialdehyde (anti-MDA) for cumulative incidence vs. time. For all patients the sub-hazard ratios (sHR) is 0.54 (0.34-0.85), p = 0.008. For non-inflamed patients sHR is 0.26 (0.13-0.52), p = 0.001). For inflamed patients the sHR is 0.83 (0.46-1.52), p = 0.55).
IgG anti-MDA
We divided patients according to tertiles of IgG anti-MDA. We compared low tertile versus the other two tertiles and found no significant differences in clinical characteristics and medications but there were significant differences for biochemical parameters (i.e., total cholesterol and TNF, data in Table S2 ). When we compared all-cause mortality by competing risk analysis, we found that patients without inflammation are significantly associated with mortality and low tertile of IgG anti-MDA had worse outcome ( Figure 2B ). There were no significant differences in all and patients with Inflammation (Figure 2A,C) . IgG was associated with protection among non-inflamed patients. Patients were divided into three groups: (A) for all patients, (B) for non-inflamed patients, and (C) for inflamed patients. Antibody levels were divided into low vs. middle + high levels of IgG antibodies against malondialdehyde (anti-MDA) for cumulative incidence vs. time. For all patients the sHR is 0.869 (0.520-1.423), p = 0.59. For non-inflamed patients the sHR is 0.477 (0.252-0.904), p = 0.02. For inflamed patients the sHR is 1.033 (0.546-1.951), p = 0.92.
IgG1 anti-MDA
We divided patients according to tertiles of IgG1 anti-MDA. We compared the low tertile with the other two tertiles and found no significant differences in clinical or biochemical characteristics, or in medications except the WBC count was higher among patients of low tertile of IgG1 anti-MDA (data in Table S3 ). When we compared all-cause mortality by competing risk analysis, we found that non-inflamed patients in the low tertile of IgG1 anti-MDA tended to have worse outcomes (p = 0.06) ( Figure 3B ). No significant differences were observed in inflamed patients (Figure 3A,C) . IgG1 was associated with protection among non-inflamed patients. Patients were divided into three groups: (A) for all patients, (B) for non-inflamed patients, and (C) for inflamed patients. Antibody levels were divided into low vs. middle + high levels of IgG1 antibodies against malondialdehyde (anti-MDA) for cumulative incidence vs. time. For all patients the sHR is 0.863 (0.545-1.365), p = 0.52. For non-inflamed patients the sHR is 0.502 (0.242-0.1045), p = 0.06. For inflamed patients the sHR is 1.372 (0.710-2.652), p = 0.34.
IgG2 anti-MDA
We divided patients according to tertiles of IgG2 anti-MDA. We compared low tertile to the other two tertiles and found no significant differences in clinical or biochemical characteristics, or in medications except the TNF, which was lower among patients of low tertile IgG2 anti-MDA (data in Table S4 ). When we compared all-cause mortality by competing risk analysis, we found no significant differences in all and non-inflamed patients (Figure 4A,B) . In inflamed patients, the low tertile of IgG2 anti-MDA had better outcomes ( Figure 4C ). Patients were divided into three groups: (A) for all patients, (B) for non-inflamed patients, and (C) for inflamed patients. Antibody levels were divided into low vs. middle + high levels of IgG2 antibodies against malondialdehyde (anti-MDA) for cumulative incidence vs. time. For all patients the sHR is 1.488 (0.891-2.487), p = 0.34. For non-inflamed patients the sHR is 0.513 (0.244-1.077), p = 0.07. For inflamed patients the sHR is 2.331 (1.159-4.684), p = 0.01.
IgA anti-MDA
We divided patients according to tertiles of IgA anti-MDA. We compared low tertile versus the other two tertiles and found no significant differences in clinical or biochemical characteristics, or medications. The one exception was serum albumin which had lower and higher frequencies of CVD among patients with low tertile of IgA anti-MDA (data in Table S5 ). When we compared all-cause mortality by competing risk analysis, we found that in all patients and patients with and without inflammation, this was not statistically significant (data not shown).
Discussion
We report that the lowest tertile of IgM anti-MDA is negatively associated with mortality among prevalent HD-patients. Whereas the association was strong in non-inflamed HD-patients, it did not reach significance in inflamed patients. Median levels of IgM anti-MDA did not differ significantly which is in line with our previous results in other studies on this antibody [6, 7] . The finding that low levels of IgM anti-MDA is a risk marker for mortality in CKD aligns with our previous observations that IgM anti-PC and IgM antibodies against oxidized cardiolipin (anti-OxCL) are markers of protection. Since IgM antibodies against cardiolipin (non-oxidized) are not markers of protection, this illustrates differences between IgMs of this type [15, 16] . Although there is some cross-reactivity between anti-PC and anti-MDA, these antibodies were found to be different during proteome analysis [6, 7] . While PC is both a pathogen associated molecular pattern (PAMP) and a DAMP, MDA is an important DAMP but not PAMP [3] .
IgM anti-MDA may be a novel protection marker in CKD, associated with outcomes such as mortality. Although unknown, there are some potential mechanisms by which it could ameliorate atherosclerosis, CVD, and mortality in CKD. Firstly, IgM anti-MDA inhibits uptake of OxLDL in macrophages [6] . OxLDL along with dead cells activate immune competent cells and are major components of atherosclerotic plaques [3] . A key feature of atherosclerosis is development of macrophages and, to some extent, other cell types into foam cells, which are inert and stay in plaques where they eventually contribute to the necrotic plaque core [3, 17] . This occurs when OxLDL is taken up through scavenger receptors. In contrast, the LDL-receptor (which is down-regulated by LDL), is not down-regulated when the amount of OxLDL increases.
Foam cells are inert and stay put in the plaque and do not seem to transport out their load of OxLDL. This may be in contrast to other types of uptake of OxLDL, as they are mediated by uptake through the FC-receptor [3] . Animal experiments also support this, for example when mice which are genetically modified to be defective in scavenger receptor function show less atherosclerosis [17, 18] .
Secondly, we recently reported that MDA (conjugated with HSA) induces production of reactive oxygen species (ROS) from human monocytes, an effect inhibited by IgM anti-MDA [7] . Oxidative stress is promoted by major risk factors such as DM, obesity, smoking, and environmental pollutants and appears to be of special importance in heart failure, in association with increased release of ROS from cardiac mitochondria [19] . The increased risk of premature CVD in HD patients has in part been attributed to a hypercoagulable state. OxLDL, in which MDA is an important antigen, is associated with markers of coagulation activation among HD patients [20] . MDA levels were compared with OxLDL levels (including the OxLDL/LDL ratio) and it was reported that MDA was raised among HD patients, in contrast to OxLDL-measures [21] . MDA is an established marker of oxidative stress and lipid peroxidation, and is reported to be raised among HD patients [22] . Inhibition of oxidative stress by IgM anti-MDA could thus be one protective underlying mechanism.
Thirdly, human IgM anti-MDA has the capacity to increase clearance of necrotic cells through macrophages. Uptake and clearance of necrotic cells by macrophages and other phagocytes occurs by exposure of "eat me" signals including MDA on cell surfaces and inefficient clearance of dead cells, both of which are important features of atherosclerosis. Clearance of apoptotic cells is an active process, which has anti-inflammatory properties, and defective clearance could contribute to an inflammatory state, as in atherosclerosis, autoimmune disease, and CKD [23, 24] . The finding that IgM anti-MDA is a protection marker in CKD for mortality is in line with our findings in relation to another lipid-related antigen, phosphorylcholine (PC), which is also present and exposed in OxLDL and in dying and dead cells recognized by anti-PC. IgM anti-PC is abundant, constituting as much as 5%-10% of the circulating IgM pool [3] . IgM anti-PC is a protection marker among hypertensives for atherosclerosis development [10] and also for CVD in general including both stroke and myocardial infarction [25] . We reported that IgM anti-PC is negatively associated with mortality in CKD (the same cohort as herein) [16] . Further, these antibodies are also negatively associated with autoimmune diseases like RA (where non-responders to biologics have low anti-PC-levels) and in systemic lupus erythematosus (SLE) there are significant negative associations [3, [25] [26] [27] [28] . Much less is known about IgM anti-MDA, even though some previous findings suggest that these antibodies could be involved in protection.
As mentioned, an interesting difference between PC and MDA is that PC is both a DAMP and PAMP where PC is present in infectious agents as parasites, nematodes, and also some bacteria, including streptococcus pneumoniae, while MDA is mainly known only as a DAMP [3] . IgM anti-PC and anti-MDA are clearly different, as determined by a proteomics analysis [7] . We compared antibodies against cardiolipin (anti-CL), which are known to be thrombogenic, with antibodies against oxidized CL (anti-OxCL) in this cohort. While IgM anti-OxCL was associated with mortality, IgM anti-CL was not [15] , thus indicating that there are important differences between different IgMs in this context. IgG anti-MDA was significantly associated with protection, but only among non-inflamed patients. One possibility is that an IgG response is triggered against MDA (or with cross-reacting antigens) in inflamed patients because of infections, since in this patient group systemic inflammation can be caused by infection. It thus appears that IgM anti-MDA is stronger as a protection marker than IgG. This is in line with previous findings that IgM anti-PC is a stronger protection marker than IgG anti-PC [10] the reason for this is not clear, and properties in this context of IgGs are much less studied than IgMs. Since we determined that IgG anti-MDA is a protective marker only among non-inflamed patients but not among inflamed (where infection could be one underlying cause of inflammation), we studied subclasses IgG1 and IgG2 anti-MDA. Other subclasses were not possible to detect.
Among non-inflamed HD patients, IgG1 anti-MDA was trend wise associated with protection, but among inflamed individuals there was no trend or significant association and mortality was not significantly higher among inflamed patients. MDA has pro-inflammatory and immune stimulatory effects on T cells in plaque and also on dendritic cell (DC) mediated T cell activation. In both cases MDA is bound to the carrier protein human albumin. Some of these immune stimulatory effects are blocked by IgG1 anti-MDA and this could be an underlying mechanism by which IgG1 anti-MDA could be protective [29] .
There is a significant difference in the mean age between survivors and non-survivors, and this age difference may represent a potential bias, even though it was statistically controlled for. Age thus remains a major factor in survival in this (as in most other) patient groups.
Another finding is that while IgG2 anti-MDA were trend wise associated with protection among non-inflamed HD-patients, these antibodies were risk markers among non-inflamed patients. Further studies are needed to determine if IgG2 is also causatively linked to mortality in CKD. For example, one possibility could be that such antibodies have negative properties-which is the case with other lipid-related antibodies like anti-CL which has pathogenic properties-by interfering with the coagulation cascade and directly causing activation of endothelial cells. It is also possible that infections cause higher IgG-responses, also raising IgG anti-MDA and especially IgG2 anti-MDA; after all, the atheroprotective properties of IgG anti-PC appear to only apply to IgG1, while IgG2s are associated with infectious disease. In such a scenario, IgG2 anti-MDA is not causatively related to outcome herein. In contrast to IgM and IgG1 anti-MDA, IgA anti-MDA was not associated with mortality herein, suggesting that the gut immune system is not a major factor behind anti-MDA and protection in CKD.
Conclusions
Taken together, IgM anti-MDA is a significant protection marker for mortality among CKD-patients. Subgroup analysis indicate that this association is only present among non-inflamed patients. Likewise, among non-inflamed patients, IgG anti-MDA and IgG1 anti-MDA were associated with protection.
Whether immunization with MDA is beneficial remains to be elucidated. Of note, IgG2 anti-MDA was associated with increased mortality which is a caveat in relation to immunization with MDA, especially for those with signs of inflammation and infection.
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